To regulate mammalian water homeostasis, arginine-vasopressin (AVP) induces phosphorylation and thereby redistribution of renal aquaporin-2 (AQP2) water channels from vesicles to the apical membrane. Vice versa, AVP (or forskolin) removal and hormones activating PKC cause AQP2 internalization, but the mechanism is unknown. Here, we show that a fraction of AQP2 is modified with two to three ubiquitin moieties in vitro and in vivo. Mutagenesis revealed that AQP2 is ubiquitinated with one K63-linked chain at K270 only. In Madin-Darby canine kidney cells, AQP2 ubiquitination occurs preferentially when present in the apical membrane, is transiently increased with forskolin removal or PKC activation, and precedes its internalization. Internalization kinetics assays with wild type (wt) and ubiquitination-deficient (K270R) AQP2 revealed that ubiquitination enhances AQP2 endocytosis. Electron microscopy showed that a translational fusion of AQP2 with ubiquitin (AQP2-Ub) localized particularly to internal vesicles of multivesicular bodies (MVBs), whereas AQP2-K270R largely localized to the apical membrane, early endosomes, and the limiting membrane of MVBs. Consistent with this distribution pattern, lysosomal degradation was extensive for AQP2-Ub, low for AQP2-K270R, and intermediate for wt-AQP2. Our data show that short-chain ubiquitination is involved in the regulated endocytosis, MVB sorting, and degradation of AQP2 and may be the mechanism used by AVP removal and PKC-activating hormones to reduce renal water reabsorption. Moreover, because several other channels are also (short-chain) ubiquitinated, our data suggest that ubiquitination may be a general mediator for the regulated endocytosis and degradation of channels in higher eukaryotes.
A quaporin (AQP) water channels are important for rapid and selective osmotic water transport across cell membranes. Most AQPs have a constitutive open pore, and regulation of transmembrane water transport is thus controlled by channel insertion into and retrieval from the cell surface (1) (2) (3) . AQP2 is one of the best-characterized AQPs and confers water permeability to the kidney-collecting duct to serve body water homeostasis. This process is of pathophysiological importance, because inadequate cell-surface expression of AQP2 results in nephrogenic diabetes insipidus (4, 5) , whereas increased cell surface expression and excessive water reabsorption is observed in congestive heart failure, preecclampsia, and the syndrome of inappropriate release of the hormone arginine-vasopressin (AVP) (6) .
Hypernatremia and hypovolemia induce the release of AVP, which regulates the cell-surface expression of AQP2. AVP occupation of its renal type 2 receptors initiates a signaling cascade resulting in phosphorylation of AQP2 at S256. Phosphorylation of AQP2 is necessary for the fusion of AQP2-containing vesicles with the apical membrane, where AQP2 facilitates water reabsorption (2, (7) (8) (9) (10) (11) . Moreover, AVP also regulates water reabsorption by arresting endocytosis, as demonstrated by comparison of isolated tubule perfusion and mathematical modeling (12) and by the large increase of coated pits in the apical membrane of vasopressin-stimulated isolated tubules (13) . After correction of the water balance, AVP levels decrease, and AQP2 is internalized (14, 15) . Moreover, several hormones induce AQP2 internalization through activation of PKC, thereby counteracting AVP (16) . At least two hormones (prostaglandin E2 and dopamine) cause AQP2 internalization independent of S256 dephosphorylation (17, 18) . Similarly, in Madin-Darby canine kidney (MDCK) cells, activation of PKC by the phorbol ester 12-tetradecanoylphorbol-13-acetate (TPA) causes the internalization of AQP2 without affecting its phosphorylation at S256 or inducing any other phosphorylation of AQP2 (9) . Thus, although AQP2 insertion into and retrieval from the apical membrane are equally important processes in maintaining body water homeostasis, the mechanism of AQP2 internalization is poorly understood.
Monoubiquitination and K63-linked short-chain ubiquitination regulate endocytosis and degradation of receptors, channels, and transporters in yeast (19) . In higher eukaryotes, this type of ubiquitination clearly enhances lysosomal degradation, but its role in endocytosis is still controversial (20) (21) (22) . Here, we show that removal of AVP (mimicked by forskolin washout) and PKC activation cause K63-linked ubiquitination of AQP2, which enhances endocytosis, sorting to intraendosomal vesicles and degradation of AQP2.
Results

AQP2 Is Ubiquitinated in Vitro and in Vivo.
To analyze whether AQP2 is ubiquitinated, it was immunoprecipitated from solubilized goat kidney medulla membranes and MDCK-AQP2 (23) cells. Subsequent immunoblotting for ubiquitin revealed ubiquitinated AQP2 bands of mainly 43, 50, and 57 kDa (Fig. 1A) . Furthermore, the smeary higher-molecular-weight forms (between Ϸ50 and 60 kDa) disappeared after endoglycosidase-F treatment (not shown), indicating that these bands are both ubiquitinated and glycosylated. Incubation of goat membrane lysates with protein A beads only or loading of AQP2 antibodies did not yield any signal. Together, these data indicate that AQP2 is modified with a limited number of ubiquitin molecules, both in vitro and in vivo.
uitination is the apical plasma membrane. As in vivo, stimulation of MDCK cells with AVP or forskolin induces the translocation of AQP2 to the apical membrane (23) . Therefore, we immunoprecipitated AQP2 from MDCK cells pretreated with forskolin or not. Immunoblotting and signal quantification revealed that the relative amount of ubiquitinated AQP2 was 2.2 Ϯ 0.4 times higher after forskolin stimulation ( Fig. 1B ; n ϭ 3; P ϭ 0.014). Moreover, we analyzed the ubiquitination of AQP2-S256A and AQP2-S256D, which mimic nonphosphorylated and phosphorylated AQP2, and which show a forskolin-independent steadystate localization in vesicles or the apical membrane, respectively (7) (8) (9) . The level of AQP2-S256A ubiquitination was similar to that of unstimulated wild-type (wt)-AQP2 (0.8 Ϯ 0.1 times that of unstimulated wt-AQP2, n ϭ 3, P ϭ 0.23), whereas that of AQP2-S256D was 1.4 Ϯ 0.1 times higher than that of unstimulated wt-AQP2 ( Fig. 1B ; n ϭ 3, P ϭ 0.022).
To directly measure whether plasma membrane AQP2 is preferentially ubiquitinated, forskolin-stimulated MDCK-AQP2 cells were subjected to cell surface biotinylation. After AQP2 immunoprecipitation, 10% was taken out, whereas the remaining 90% of AQP2 was enriched for plasma membrane AQP2 by streptavidin pulldowns. Subsequent immunoblotting (Fig. 1C  Left) and relative quantification revealed that 2.1 Ϯ 0.5 times more AQP2 was ubiquitinated in the apical membrane than in the total pool (n ϭ 4; P ϭ 0.041). To ensure that detected AQP2 was not from biotinylation of intracellular AQP2 or nonspecific binding of AQP2 to the streptavidin beads, the experiment was now done with biotin stripped from the plasma membrane directly after biotinylation. Immunoblotting of this streptavidin pulldown showed no signal for AQP2 or ubiquitin (Fig. 1C  Right) . These data indicate that AQP2 is preferentially ubiquitinated when present in the apical plasma membrane.
Ubiquitination of AQP2 Precedes Its Internalization. Removal of forskolin after 45 min and PKC activation with TPA in the presence of forskolin induce the internalization of AQP2 in MDCK cells (9) . To investigate whether this correlates with an increase in ubiquitination, we used these treatments to compare the time kinetics of AQP2 ubiquitination and internalization. With constant levels of immunoprecipitated AQP2 (Fig. 2 Bottom), forskolin washout for 5 min revealed increased levels of AQP2 ubiquitination (2.0 Ϯ 0.2 times that of forskolin treated, n ϭ 3; P ϭ 0.004), whereas a washout for 15 and 45 min resulted in the gradual decrease in AQP2 ubiquitination to prewashout levels ( Fig. 2 Top) . Addition of TPA for 5 min to forskolintreated cells also resulted in an increase in AQP2 ubiquitination (4.8 Ϯ 0.3 times that of forskolin treated, n ϭ 3; P Ͻ 0.01), whereas 15-and 45-min TPA treatment again showed a gradual decrease in AQP2 ubiquitination. Biochemical internalization assays using biotinylation and 2-sodium mercaptoethanesulfonic acid (MesNa) revealed that at 15 and 45 min after forskolin washout or TPA addition, but not at 5 min, increased amounts of internalized AQP2 were observed (Fig. 2 Middle). Because ubiquitination peaks at 5 min, these data indicate that AQP2 ubiquitination precedes its internalization. It needs to be noted that, because the fraction of ubiquitinated AQP2 is small, internalized AQP2 was visualized by using AQP2 antibodies. Using kidney tissue, we show that TPA also increases AQP2 ubiquitination ex vivo (Fig. 6 , which is published as supporting information on the PNAS web site).
AQP2 Is Ubiquitinated with One K63-Linked Chain at K270. Because AQP2 has three putative attachment sites for ubiquitin (cytosolic lysines) at positions 228, 238, and 270, AQP2 mutants having one, two, or all three lysines replaced by arginines were expressed in MDCK cells. Ubiquitination analyses revealed that all mutants having the K270R replacement were no longer ubiquitinated, whereas all other mutants showed the same pattern and intensity of ubiquitination as wt-AQP2 (Fig. 3A) . These data reveal that only K270 is a substrate for ubiquitination in AQP2. Because ubiquitin fused to receptor tyrosine kinases provided information on the role of ubiquitin in their regulation (24), we expressed a similar fusion with AQP2 (AQP2-Ub). Because K270 is the penultimate amino acid of AQP2, we designed AQP2-Ub as a translational fusion of AQP2-K270R lacking A271 and coupled to ubiquitin-K48R-⌬G75͞76. The K48R exchange and deletion of the C-terminal glycines (G75͞76) were , and lysed. AQP2 was immunoprecipitated, released from the beads, and a part (10%) of the sample was used for direct immunoblotting (total), whereas the remainder (90%) was first subjected to streptavidin pulldowns to recover biotinylated AQP2 (apical) and subsequently immunoblotted.
Fig. 2.
Ubiquitination of AQP2 occurs before its internalization. MDCK cells expressing wt-AQP2 were pretreated with forskolin for 45 min (0). Subsequently, forskolin was washed out (forsk wash out) or the phorbol ester TPA was added (forsk ϩ TPA) for the indicated times. Cells were lysed, and AQP2 was immunoprecipitated and immunoblotted for ubiquitin or AQP2. In parallel, forskolin-treated MDCK-AQP2 cells were surface-biotinylated in the cold, followed by an incubation at 37°C without forskolin (forsk wash out) or with forskolin and TPA (forsk ϩ TPA) for the indicated times. Then, surfacebound biotin was removed with MesNa, and the cells were lysed. Biotinylated proteins were recovered by using immobilized streptavidin and immunoblotted for AQP2 (internalized AQP2).
introduced to prevent polyubiquitination (24) . In MDCK cells, AQP2-Ub migrates at Ϸ36 kDa ( Fig. 3B Left) , which is consistent with the addition of one ubiquitin moiety (7 kDa) to AQP2 (29 kDa). When immunoblotted for ubiquitin, additional bands of Ϸ43, Ϸ50, and Ϸ57 kDa are detected, consistent with AQP2 modified with two, three, and four ubiquitin moieties, respectively (Fig. 3B Center) . Ubiquitinated wt-AQP2 migrates similarly and with similar relative intensities of their Ϸ43-and Ϸ50-kDa bands, indicating that the main ubiquitinated forms of wt-AQP2 contain two and three ubiquitin moieties, respectively. Ubiquitin immunoblots with increased levels of ubiquitination, as realized with a 5-min TPA treatment, also revealed the monoubiquitinated wt-AQP2 band (Fig. 3B Right, arrowhead) . Moreover, even after TPA treatment, AQP2-K270R was not ubiquitinated (Fig. 3B) .
Strikingly, AQP2-Ub was still modified with several ubiquitin molecules, despite the lack of K270 in AQP2, and of K48 and G75͞76 in ubiquitin. Of the seven lysines in ubiquitin, ubiquitination of K63 is involved in protein sorting (22) . Therefore, we expressed a mutant in which this lysine was replaced by an arginine in AQP2-Ub (AQP2-Ub-K63R) in MDCK cells. Indeed, AQP2-Ub-K63R was detected only as a 36-kDa protein (Fig. 3B Center) . Together, these data show that AQP2 is ubiquitinated at K270 with one K63-linked chain of mainly two to three ubiquitin moieties.
Ubiquitination of AQP2 Increases Its Endocytosis.
To determine the steady-state localization of AQP2 mutants, MDCK cells were fixed and subjected to immunocytochemistry. Confocal analysis revealed that wt-AQP2, AQP2-K270R, and AQP2-Ub are present in intracellular compartments (Fig. 4A) . After forskolin stimulation, both wt-AQP2 and AQP2-K270R were redistributed to the apical membrane, whereas the steady-state localization of AQP2-Ub did not change (Fig. 4A) .
To further analyze the effect of ubiquitination on AQP2 internalization, MDCK-AQP2 and MDCK-AQP2-K270R cells were treated with forskolin, followed by TPA addition for several time points, fixed, and subjected to immunocytochemistry. Confocal analysis clearly revealed internalized AQP2 at 15 and 45 min of TPA treatment (Fig. 4B) , consistent with the kinetics of AQP2 internalization as biochemically determined (Fig. 2 A) . Interestingly, internalization of AQP2-K270R was not observed at these time points. Forskolin washout showed similar effects as found for the TPA treatment (Fig. 7A , which is published as supporting information on the PNAS web site). Biochemical internalization assays using biotinylation and MesNa confirmed that with 45 min of TPA treatment, the internalized fraction of wt-AQP2 was larger than that of AQP2-K270R (Fig. 7B) .
To establish whether the enhanced internalization of ubiquitinated AQP2 is due to increased endocytosis, the kinetics of AQP2 internalization was determined by using the internalization assay at 5, 10, 20, and 30 min of TPA addition. Densitometric analyses of the AQP2 immunoblot signals revealed that wt-AQP2 was internalized faster than AQP2-K270R (Fig. 4C) . Forskolin washout showed similar effects as TPA treatment (Fig. 7C) . These data indicate that ubiquitination of AQP2 enhances its endocytosis.
Ubiquitinated AQP2 Is Targeted for Degradation in the Multivesicular
Bodies (MVBs)͞Lysosome Pathway. Immunogold labeling for AQP2 on ultrathin cryosections prepared from MDCK cells revealed endosomal expression of wt-AQP2, AQP2-K270R, and AQP2-Ub, albeit with distinct distributions (Fig. 5A) . Labeled endosomes were classified as early (type I), late (type II), and late endosomes͞ lysosomes (type III), according to their luminal content (25) (26) (27) . Lysosomes were not labeled, presumably because of epitope degradation. Quantification of the labeling revealed that the majority of AQP2-Ub-positive endosomes were of the late endosomal͞ lysosomal type, whereas no substantial staining was found in early endosomes ( Fig. 5 and Table 1 ). In contrast, only 40% of the AQP2-K270R positive endosomes were of the late endosome͞ lysosome type, and early endosomes were now often found positive. In addition, the relative labeling of the distinct endosomal subdomains was also significantly different ( Table 1 ). The vast majority of endosomal AQP2-Ub was associated with internal vesicles, whereas 45% of endosome-associated AQP2-K270R resided on the limiting membrane. wt-AQP2 showed an inter-and intraendosomal distribution intermediate to that of AQP2-K270R and AQP2-Ub (Table 1) . To determine whether the differential localizations were reflected in their levels of degradation, MDCK cells expressing wt-AQP2 or AQP2-K270R were treated with cycloheximide to block translation. Subsequent treatments with TPA revealed that wt-AQP2 was more rapidly degraded than AQP2-K270R, which could partially be prevented by treatment with the lysosome inhibitor chloroquine (Fig. 5B) . Furthermore, the low abundance of the AQP2-Ub protein increased markedly after treatment with chloroquine, indicating that AQP2-Ub is strongly targeted for lysosomal degradation (Fig. 5C ). Together, these data indicate that ubiquitination of AQP2 induces its transport to late endosomes͞lysosomes, incorporation into the intraendosomal vesicles and subsequent lysosomal degradation or excretion in exosomes.
Discussion
Short-Chain Ubiquitination of AQP2 Induces Its Endocytosis. In higher eukaryotes, cargo ubiquitination is involved in the endocytic sorting of receptors and channels, but the means by which internalization is accomplished (increased endocytosis, decreased exocytosis, degradation, etc.) has remained controversial (20) (21) (22) 24) . A complicating factor in delineating the role of cargo ubiquitination in its endocytosis is that cargo ubiquitination itself may be dispensable but requires an intact ubiquitin conjugation system. For example, after ligand binding, G protein-coupled receptors (GPCRs) are endocytosed through the interaction with the ancillary protein ␤-arrestin. Although monoubiquitination of ␤-arrestin is essential in endocytosis, (poly)-ubiquitination of the GPCRs themselves affects only their degradation (28) . Here, we show that K63-linked short-chain ubiquitination of AQP2 at K270 is exploited for the regulated endocytosis of this water channel, because AQP2 ubiquitination occurs particularly in the plasma membrane, is induced by TPA and forskolin removal, and precedes and enhances AQP2 internalization, and because the ubiquitin-deficient AQP2-K270R is delayed in its endocytosis. As such, our data unveil that higher eukaryotes also use short-chain ubiquitination of cargo to mediate endocytosis.
That AQP2-K270R is still internalized, albeit with a slower rate, indicates that AQP2 ubiquitination is not the only signal for endocytosis. Interestingly, Sigismund et al. (29) showed that a low dose of epithelial growth factor (EGF) causes internalization of nonubiquitinated wt EGF-receptor mainly through the clathrin pathway, whereas a high dose of EGF resulted in receptor ubiquitination and internalization through a clathrin-independent pathway (29) , suggesting that ubiquitination directs the cargo protein from the constitutive to the regulated endocytic pathway. Our data show that AQP2 also may be endocytosed through a constitutive and regulated pathway, because TPA stimulation and forskolin removal mediate the ubiquitination-enhanced (regulated) endocytosis, whereas the constitutive endocytosis of AQP2-K270R occurs independent of its ubiquitination. However, it remains to be established whether these pathways indeed differ in the mechanism by which endocytosis is accomplished.
Ubiquitination Targets AQP2 for Degradation. In the endocytic sorting pathway, monoubiquitinated cargo proteins are clustered by the endosomal sorting complexes required for transport and delivered to vesicles that invaginate into the lumen of MVBs, eventually resulting in lysosomal degradation (30) (31) (32) . Non-or deubiquitinated proteins might exit this pathway in an early stage or will remain in the MVB limiting membrane, from where they may recycle. Our data indicate that AQP2 follows a similar pathway. First, the interendosomal distributions of AQP2-K270R, wt-AQP2, and AQP2-Ub correlate with their relative levels of ubiquitination. Second, AQP2-Ub is mainly found in internal vesicles of MVBs, whereas AQP2-K270R is observed in the limiting membranes. Third, the TPA-induced ubiquitination of wt-AQP2 increases its degradation, which could partially be inhibited by the lysosome inhibitor chloroquine. Fourth, chloroquine strongly reduces the degradation of AQP2-Ub. It needs to be noted that our experiments do not reveal whether AQP2-Ub is sorted to MVBs by the plasma membrane or directly from the Golgi network.
Ubiquitination-Mediated Endocytosis of AQP2, the Other Side of the
Coin. Mammalian water homeostasis is regulated by the insertion into and removal of AQP2 from the apical plasma membrane (2, 33, 34) . Although the insertion of AQP2 into the apical plasma membrane depends on the AVP-induced phosphorylation of AQP2 at S256 (7-9), AQP2 internalization does not involve its dephosphorylation (17, 18) , and therefore the underlying mechanism has remained elusive. Our present study unveils this step in AQP2 regulation in that a transient short-chain ubiquitination of AQP2 induces its endocytosis and MVB targeting, after either AVP withdrawal or activation of PKC.
We propose the following model for AQP2 regulation in renal principal cells (Fig. 8 , which is published as supporting information on the PNAS web site): whereas AVP increases AQP2 phosphorylation resulting in increased steady-state expression of AQP2 in the apical membrane of renal principal cells, AVP removal and AVPcounteracting hormones activating PKC reverse this location by inducing its ubiquitination, endocytosis, and sorting to intraendosomal vesicles of MVBs. From these vesicles, AQP2 is targeted for degradation in lysosomes or shed as exosomes from principal cells into the urine. As shown for the vacuolar hydrolase carboxypeptidase S and the epithelial growth factor receptor (22, 30) , the extent of AQP2 degradation by MVBs likely depends on its ubiquitination state en route to MVBs, which is modulated by the activity of (de-)ubiquitinating enzymes. When ubiquitin-conjugated at the limiting membrane of MVBs, AQP2 is likely targeted to internal vesicles and degraded (or shed), whereas when deubiquitinated, it is available for a next AVP-induced insertion into the plasma membrane.
Our hypothesis is supported by several studies. In vivo, AQP2 is increasingly ubiquitinated with TPA, is localized in recycling vesicles and MVBs (2) , and colocalizes with Hrs-2 (35), which mediates endocytic sorting of ubiquitinated cargo (36) . Moreover, the amount of urinary AQP2 in exosomes is increased with elevated AVP levels (37, 38) . In vivo and in vitro, AQP2 is a stable protein with a half-life of 6-12 h (39), and several rounds of AVP addition and removal revealed that AQP2 can recycle at least three times in transfected LLC-PK 1 cells (40) . It remains to be established whether AQP2 ubiquitination and the dynamic interplay of (de)-ubiquitinating enzymes play a role in several disease states with aberrant localization͞degradation of AQP2 (i.e., acquired nephrogenic diabetes insipidus and syndrome of inappropriate release of AVP), whether and which AVP-counteracting hormones also induce AQP2 internalization by ubiquitination, and which (de)-ubiquitinating and ubiquitininteracting proteins regulate AQP2 sorting and degradation.
Short-Chain Ubiquitination, a General Mechanism to Regulate the
Endocytosis of Channels in Higher Eukaryotes. Although short-chain ubiquitination and monoubiquitination mediate endocytosis of yeast transporters and channels (19, 41) , our data show this pathway is also used for the hormone-regulated endocytosis of AQP2 in renal cells. Besides AQP2, we also found that AQP3 and AQP5 are short-chain-ubiquitinated (data not shown). Moreover, ubiquitination was reported to coincide with the increased degradation of the CLC5 chloride channel, ENaC, and the ROMK potassium channel (42) (43) (44) . Although the type (mono-or polyubiquitination) and a definitive role for ubiquitination in the endocytosis of these proteins still have to be unraveled, it suggests that ubiquitination might also be a general mechanism to endocytose channels in higher eukaryotes.
Materials and Methods
Constructs, Cell Culture, Treatments, and Stable Transfection.
MDCK-AQP2 and -AQP2-S256A͞D have been described (9) . The fusion construct encoding AQP2-Ub was obtained by PCR on ubiquitin (a gift from D. Bohmann, European Molecular Biology Laboratory, Heidelberg, Germany) using the reverse primer 5Ј-ccatcgattaaccacctctcagacgcagg-3Ј (ClaI underlined) and the forward primer 5Ј-ggggtaccagaatgcagatcttcgtgaaaaccc-3Ј [AQP2 coding sequence in bold and the recognition site for KpnI (endogenous in AQP2 cDNA) is underlined]. The PCR fragment was subcloned into the KpnI and ClaI restriction sites of pCB6-AQP2. MDCK cell culture and transfection, immunocytochemistry, and collection of images were performed as described (10) . A minimum of three cell lines expressing the same protein were analyzed. Cells were treated with forskolin (10 Ϫ5 M), TPA (10 Ϫ7 M), cycloheximide (0.05 mM), and͞or chloroquine (0.1 mM) in culture medium.
Immunoprecipitation from Kidney Inner Medulla and MDCK Cells.
Goat kidney inner medulla slices were treated with or without TPA in DMEM at 37°C for 15 min. Subsequently, the tissue was homogenized in 20 ml of 300 mM sucrose͞25 mM imidazole͞1 mM EDTA͞20 mM N-ethylmaleimide (NEM). Membranes were isolated by centrifugation of the precleared homogenate at 200,000 ϫ g and solubilized in 2% SDS [in 150 mM NaCl͞25 mM Hepes (pH 7.4)͞20 mM NEM] at 37°C for 30 min. These lysates were diluted 20ϫ with 1% Triton X-100͞150 mM NaCl͞25 mM Hepes (pH 7.4)͞20 mM NEM. The supernatant was precleared from immunoglobulins by three sequential incubations with 100 l of immobilized protein A. MDCK cells were grown to confluence, treated as described, and lysed [1% Triton X-100͞150 mM NaCl͞25 mM Hepes (pH 7.4)͞20 mM NEM]. Both the kidney and MDCK lysates were subjected to AQP2 immunoprecipitation.
Cell Surface Biotinylation and Biochemical Internalization Assays.
MDCK cells were grown to confluence, treated, placed on ice, and washed with ice-cold PBS-CM (1 mM CaCl 2 ͞0.1 mM MgCl 2 ).
Surface proteins were biotinylated twice for 20 min with ice-cold 1.5 mg͞ml Sulfo-NHS-SS-biotin (Pierce, Rockford, IL) in 10 mM triethanolamine (pH 8.9)͞2 mM CaCl 2 ͞125 mM NaCl. After biotin removal, excess biotin was quenched with ice-cold 50 mM NH 4 Cl in PBS-CM. For biotinylation experiments, cells were lysed in 1 ml of lysis buffer [1% Triton X-100͞150 mM NaCl͞5 mM EDTA͞50 mM Tris (pH 7.5)] for 30 min at room temperature. For internalization experiments, surface proteins were permitted to become internalized by warming the cells to 37°C. Next, the cells were washed with ice-cold PBS-CM and treated 3ϫ 20 min with ice-cold 100 mM MesNa in 100 mM NaCl͞1 mM EDTA͞50 mM Tris (pH 8.6)͞0.2%BSA. The cell-impermeable MesNa removes cellsurface-bound biotin, while internalized biotinylated proteins are protected. Excess MesNa was quenched with ice-cold 120 mM iodoacetic acid in PBS-CM, and cells were lysed as with the biotinylation. Subsequently, biotinylated proteins were pulled down from with immobilized streptavidin, followed by extensive washing and immunoblotting. For quantification of internalization, signals were determined by densitometry and comparison with a dilution series of AQP2. Then, internalization of AQP2 was determined as the percentage of biotinylated AQP2 after stripping compared with that of initially biotinylated AQP2, corrected for the stripping control (0 min internalization with stripping).
Immunoblotting and Densitometric Quantification. PAGE and blotting, blocking, antibody incubation, and chemiluminescence of the membranes were performed as described (8) . Ubiquitin (Zymed, San Francisco, CA) antibodies were diluted to a concentration of 1:250, followed by 1:10,000-diluted biotinylated anti-mouse IgGs and 1:8,000-diluted streptavidin-peroxidase. Representative figures are shown. To quantify protein signals from the immunoblot, we calculated the amount of protein (in arbitrary units) from a 2-fold dilution series of the same protein that was parallel immunoblotted. The amount of ubiquitinated AQP2 was normalized to the amount of 29-kDa AQP2. Only signals in the linear range of the immunoblot were used. P values between two variables was calculated by using Student's t test and between multiple variables by using ANOVA.
Immunoelectron Microscopy. MDCK cells were fixed in 2% freshly prepared formaldehyde plus 0.2% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4, for 2 h at room temperature. Subsequent processing, cryosectioning (50-60 nm), and labeling with antibodies and protein A gold was done as described (45) . Quantitative analysis of AQP2 distribution over distinct types of endosomes as well as over the internal and limiting endosomal membranes was done as follows. Sections were screened at random for a positively labeled endosome. Each positive endosome was classified as type I (with zero to five internal vesicles), type II (with more then five internal vesicles), or type III (with internal vesicles as well as dense material). These morphological criteria were previously linked to kinetic and molecular characterizations of endosomes and represent a general classification into early endosomes, late endosomes, and late endosomes͞lysosomes, respectively (25) (26) (27) . For each endosome, the number of gold particles was counted and ascribed to the limiting membrane or internal vesicles. Per cell type, 30 endosomes were analyzed. The relative distribution of AQP2 in the limiting membrane (in percent) was calculated from the total of all gold particles in the limiting membrane of the 30 analyzed endosomes and the sum of all gold particles in the limiting membrane and internal vesicles of those endosomes. In total 55, 63, and 69 gold particles were counted for wt-AQP2, AQP2-K270R, and AQP2-Ub, respectively.
